Abstract-A Physical model for the long-term deterministic behavior associated with instability (or drift) in pH-sensitive ion-selective field effect transistors (ISFET's) has been employed to distinguish between drift and the inherent low-frequency (1/f) noise, both of which corrupt the sensor output signal. Based on this model, a physically-informed method for sensor signal enhancement in the time-domain has been proposed, which relies on proper windowing of the sensor output. The random-like evolution in time associated with a weak power-law relaxation towards equilibrium is the key aspect of the model for drift that is utilized in the proposed corrective scheme. Drift may be interpreted as a weakly chaotic behavior, exhibiting anomalous dynamics characterized by ageing, which reflects a weak (power-law) relaxation towards equilibrium.
I. INTRODUCTION
In biomedical applications involving continuous monitoring sensor accuracy is of paramount importance. Instability (drift) and inherent noise impose fundamental limitations on sensor accuracy. Drift is often ascribed to aging of sensor materials, and manifests as a relatively slow, long-term, temporal change in the sensor output in absence of variations in the measurand (i.e. stimulus). In continuous monitoring applications drift represents a more serious challenge necessitating frequent recalibrations. Fundamental sources of noise such as thermal noise and low frequency (1/f) noise may also significantly limit sensor accuracy if small variations in the measurand are to be detected. White noise, however, can be easily distinguished from frequency dependent disturbances.
Sensor instability or drift typically manifests complex dynamics characterized by a random-looking evolution in time following an initial relatively fast transient. While the physical mechanisms underlying inherent noise are relatively well understood, novel properties such as ageing of sensor materials commonly ascribed to drift exhibit complex dynamics. A case in point is represented by the pH-sensitive ion selective field effect transistor (ISFET), a solid state device which combines the pH-sensing properties of an insulator such as silicon nitride (Si 3 N 4 ) or aluminum oxide (Al 2 O 3 ) with the field sensing characteristics of a FET. ISFET is subject to inaccuracies originating from both drift and low frequency (1/f) noise. The 1/f noise mechanism in metal-oxide-semiconductor FET (MOSFET) has been studied extensively and is rather well elucidated [1] - [4] . In contrast, very little effort has been made to develop physical models for drift. A physical model for ISFET drift, however, has been presented [5] , [6] , [7] and the distinction between drift and 1/f noise behavior in ISFET's has also been elucidated [8] . In this work the proposed drift model, which quantitatively accounts for the nonlinear dynamical phenomenon of ISFET drift, is briefly introduced in order to demonstrate its utility in a physically-informed method for sensor signal enhancement. Revisiting the physical model for drift in order to explore the possibility of formulation of the model using stochastic differential equations can be useful for distinguishing the nonlinear dynamical behavior of the device from random processes. However, here, only the distinction between the long-term deterministic drift behavior and the low frequency (1/f) noise characteristics in ISFET's is demonstrated to support the argument that the physical mechanisms responsible for 1/f noise and drift are entirely different. Such distinction is also shown to be relevant to the proposed method for extraction of the deterministic measuring signal associated with sensor transfer function. Finally, implications of the nonlinear dynamical drift behavior, which may be of relevance to physically-informed processing of sensor signals, are explored
II. THE PHYSICAL MODEL FOR ISFET DRIFT
The instability or drift in an N-channel ISFET is characterized by a relatively fast transient increase, followed by a long-term temporal increase in the threshold voltage of the device, which leads to a corresponding decrease in the drain current. The origin of the nonlinear dynamical behavior associated with ISFET drift can be explained based on anomalous diffusion occurring during a phase transition phenomenon. In particular, chemical modification of the surface of the pH-sensing insulator (e.g. Al 2 O 3 ), which is exposed to the electrolyte solution, leads to formation of a hydrated layer whose rate of growth is modeled by implementing a hopping and/or trap-limited transport mechanism, known as dispersive diffusion [5, 6, 7] . Dispersive diffusion is characterized by a power-law time decay of mobility or diffusivity of the form 1 − β t , where β is the dispersion parameter satisfying 1 0 < < β [9] . This unique time-dependence has been explained based on the concept of a continuous-time random walk whose origin is either a) hopping motion through localized states giving rise to hopping transport or b) multiple trapping from a band of localized states leading to multiple-trap transport in disordered materials (e.g. Si 3 N 4 or Al 2 O 3 ) [10] . Specifically, the time dependence of the random walk is determined by a broad distribution of event times, which are identified as hopping times and trap release times in hopping transport and multiple-trap transport mechanisms respectively. The distribution of these event times may be regarded as the origin of the fluctuations in the ISFET drain current associated with drift following the initial relatively fast transient. This random-like temporal evolution is clearly evident on a time scale of a few seconds. Dispersive diffusion of hydrating species within the amorphous structure of the Si 3 N 4 leads to a decay in the density of sites/traps occupied by the diffusing species [6] . For small departures from equilibrium based on a linear approximation, which takes the power-law time dependence of dispersive diffusion into account, the decay in the density of sites/trap is described by a stretched-exponential relaxation of the form
, where the time constant τ is the time required for structural relaxation, obeying an Arrhenius relationship [9] . A closed-form expression for the growth of the hydration layer at the interface between the electrolyte solution and the insulator, therefore, can be derived [6] :
where HL x represents the thickness of the hydrated layer. Furthermore, it has been shown [6] that the time dependence of ISFET drift is identical to that associated with the growth of the hydration layer. As shown in Fig.1 The modeled-versus-measured fit depicted in . In addition, it is important to note that ISFET drift characteristics are highly sensitive to initial conditions. As indicated in Table I , the extracted model parameters for a Si 3 N 4 -gate ISFET at two different pH values exhibit a relatively wide variation. Etching the insulator surface following exposure of the pH-sensitive insulator to the solution and the consequent removal of the hydration layer, also leads to a significant variation in the drift characteristics and the corresponding model parameters. This indicates that the initial surface condition is an important factor in determining the drift dynamics.
III. PHYSICALLY INFORMED CORRECTION OF ISFET DRIFT
The long-term deterministic model for ISFET drift indicates that following an initial, relatively fast transient, the drift is characterized by a significantly slower and irregular temporal evolution, which does not quite reach equilibrium as,
. Therefore, following the initial, fast transient resulting from drift, sensor signal enhancement may be possible by cutting the measuring signal (i.e. the device output) into sufficiently short-duration segments over which a relatively fast deterministic response associated with sensor transfer function is detectable. In fact, this idea has been successfully employed for correction of drift in pH-sensitive ISFET's [11] , [12] , [13] . Essentially, this corrective scheme is equivalent to deriving the sensor response by integrating the differential of the output signal arising solely from changes in the measurand. As shown in Fig. 2 , the proposed method allows accurate continuous monitoring of pH under conditions approximating acute metabolic acidosis. In Fig. 2 , the decrease in pH simulating a worsening metabolic acidosis condition was induced by adding 50 microliters of 2-normal hydrochloric acid to the solution at 5-minute intervals, and the device output was monitored over segments of 3-second duration [12] , [13] . During this experiment, the pH was also monitored using a Piccolo Plus pH meter with an accuracy of 01 . 0 ± pH unit. The requirement for the validity of this method, however, is that the drift rate is significantly lower than the product of the device sensitivity and the rate of change of the measurand. For a Si 3 N 4 -gate pH-sensitive ISFET the typical long-term drift rate (i.e. following the initial fast transient) and the device sensitivity values are 0.0975 microampere per hour and 4.23 microampere per pH unit at neutral pH. This implies that the above requirement for validity of the proposed method is readily satisfied for pH variations occurring at rates higher than 0.20 pH unit per hour [11] .
The choice of the appropriate signal segment duration (i.e. time interval), over which variations in the sensor output signal arise solely from drift, can be justified by distinguishing between drift and low frequency noise. Such a distinction can be made using the proposed physical model for drift. In particular, given the accuracy of the analytical formulation of this model (coefficients of correlation better than 0.999), the output noise spectrum can be readily extracted from the measured output characteristics of the ISFET at a fixed pH. For an ISFET operating in the feedback mode (i.e. at a constant drain current), the output noise can be written as (2) using the fast Fourier transform algorithm is depicted in Fig. 3 . and n=1.13. Fig. 3 indicates that roughly below 3 Hertz the output noise spectrum exhibits a diminishing dependence on frequency. Given the fact that the modeled drift data was subtracted from the measured output characteristics of the device, this implies that below a frequency of 3 Hertz, the devices output fluctuations were solely associated with the drift mechanism. Therefore, the appropriate signal segment duration over which the proposed method for sensor signal enhancement may be applied is on the order of a few seconds.
IV. DISCUSSION
ISFET drift behavior is characterized by an initial relatively fast transient followed by slowly-varying and random-like fluctuations in the device output. The physical model for ISFET drift introduced above, however, reveals the long-term deterministic nature of drift dynamics, and accurately describes drift in terms of growth of a hydration layer given by (1) . Differentiation of (1) indicates that over sufficiently small intervals of time, t Δ , on the order of few seconds, the variation in the output due to drift exhibits a weak power-law dependence given by
This is the key feature of the physical model for ISFET drift, which enables sensor signal enhancement by cutting the measuring signal into segments of a few seconds duration over which a relatively fast deterministic response associated with sensor transfer function may be identified.
The ISFET drift behavior following the initial relatively fast transient may be speculated to be associated with low frequency noise. In fact, some authors [14] describe drift as ultra low frequency noise in sensors whose outputs exhibit non-monotonic, slow temporal variations. Conversely, the appearance of 1/f noise at the output of a sensor is very often described as drift [15] . Discrimination between the long-term deterministic drift dynamics and the low frequency (1/f) noise using the ISFET drift model, however, indicates that the lower limit on the frequency of pH variations is imposed by drift.
The ISFET drift behavior captured by the proposed physical model may be interpreted as exhibiting hallmarks of chaos. In particular, the observed random-like temporal evolution, characteristic of the long-term deterministic behavior of drift, can be explained in terms of the system's inherent nonlinearity, and is distinct from that associated with fundamental sources of noise such as 1/f noise. This nonlinearity stems from the anomalous dynamics associated with dispersive diffusion according to the proposed model. Specifically, the time dependence of the random walk, which is believed to lead to formation of a hydration layer, is determined by a broad distribution of event times. These event times are identified as hopping times and/or trap release times associated with states in the disordered structure of the pH-sensitive insulator. The distribution of these event times may be regarded as the origin of the long-term drift behavior manifesting as random-like fluctuations in the ISFET drain current following an initial relatively fast transient and persisting, as ∞ → t . These irregular fluctuations, which never repeat exactly, however, have a long-term deterministic character modeled by (1) , and indicate that a final thickness for a hydration layer can only be projected after infinitely long times. Finally, as pointed out above, the ISFET drift characteristics are highly sensitive to initial conditions. Nevertheless, experimental drift data do not appear to indicate that in the nonlinear dynamic system described by (1) nearby trajectories separate exponentially fast. That is, the observed drift behavior does not appear to be consistent with a system having a positive Liapunov exponent. Random-looking evolution in time, however, may also occur under conditions that are weaker than that described by a positive Liapunov exponent, in which the separation of nearby trajectories is weaker than exponential [16] , [17] . In particular, weakly chaotic systems exhibit anomalous dynamics characterized by novel properties such as ageing, which reflects a weak (power-law) relaxation towards equilibrium [17] . In the case of ISFET drift, which may be interpreted as resulting from ageing of the pH-sensitive insulator surface due to hydration, the anomalous dynamics is associated with the dispersive diffusion leading to a weak power-law relaxation towards equilibrium, as described by (3).
V. CONCLUSION
A physical model for ISFET drift, which quantitatively accounts for the nonlinear dynamical phenomenon of ISFET drift, was briefly introduced. The utility of this model in a physically-informed method for sensor signal enhancement was described. Furthermore, the distinction between the long-term deterministic drift dynamics and the low frequency (1/f) noise behavior was demonstrated supporting the argument that the physical mechanisms responsible for 1/f noise and drift are entirely different in ISFET's. Drift may be interpreted as a weakly chaotic behavior, exhibiting anomalous dynamics characterized by ageing, which reflects a weak (power-law) relaxation towards equilibrium.
